We investigated the protective effectiveness of some transparent metal oxides (TMO) on CIGS solar cell coupons against damp heat (DH) exposure at 85 o C and 85% relative humidity (RH). Sputter-deposited bilayer ZnO (BZO) with up to 0.5-μm Al-doped ZnO (AZO) layer and 0.2-μm bilayer InZnO were used as "inherent" part of device structure on CdS/CIGS/Mo/SLG. Sputter-deposited 0.2-μm ZnSnO and atomic layer deposited (ALD) 0.1-μm Al 2 O 3 were used as overcoat on typical BZO/CdS/CIGS/Mo/SLG solar cells. The results were all negative -all TMO-coated CIGS cells exhibited substantial degradation in DH. Combining the optical photographs, PL and EL imaging, SEM surface micromorphology, coupled with XRD, I-V and QE measurements, the causes of the device degradations are attributed to hydrolytic corrosion, flaking, micro-cracking, and delamination induced by the DH moisture. Mechanical stress and decrease in crystallinity (grain size effect) could be additional degrading factors for thicker AZO grown on CdS/CIGS.
INTRODUCTION
Long-term performance reliability is critical for all kinds of photovoltaic (PV) modules, including thin-film CIGS. For terrestrial thin-film modules, the IEC 61646 qualification standard requires a stringent DH test at 85 o C and 85% RH for 1000 h. A fairly high percentage of thin-film modules reportedly failed in this test [1] , and Preiss et al. reported a 15% DH-test failure rate during certification process [2] . The CIGS cell component materials, including Mo, CIGS, and ZnO, have been shown to be DH-sensitive or unstable [3] [4] [5] [6] [7] . The CIGS solar cells and modules have also been shown to degrade in DH exposure [8] [9] [10] [11] [12] [13] . Two main approaches can be employed to enhance DH resistance of CIGS solar cells and modules: (1) using a high-performance moisture barrier cover film [14] [15] [16] [17] for flexible packaging and/or a moistureblocking desiccant-type edge sealant tape for glass-glass laminates, and (2) a DH-resistant transparent metal oxide (TMO) coating, as previously discussed [18] , directly on the CIGS either as a protective layer or as the conductive window layer being a part of the device structure. In the first approach, the moisture barrier films are already available commercially such as Vitex Systems' Barix films [19] , along with two newer products: 3M's Ultra Barrier Solar Film [20] and DuPont's Ultrabarrier [21] . Commercial products of edge sealant tapes from, e.g., ADCO and TruSeal, have been used on both CIGS and CdTe thin-film modules. The DH-resistance property of edge sealant was recently reported by Kempe [22] . Coyle and coworkers studied the degradation kinetics and packaging requirements for flexible CIGS solar cells and modules and reported their findings on service life prediction [23] [24] [25] [26] . Simulation has led to a popular view that the moisture-blocking property for the barrier films are required to provide a water vapor transmission rate (WVTR) as low as of 10 -4 g/m 2 -day or better to assure a >20-year service life [23] [24] [25] .
While having a very low WVTR is highly desirable, however it may incite a small increase in module cost to incorporate such high-performance -and potentially expensive -barrier films. The WVTR requirement can likely be much relaxed, and so the module cost, for flexible package, if the CIGS solar cells can be "hardened" by using a moisture-blocking TMO coating on top of the cell structure (i.e., an "overcoat" method) or having an inherent DH-stable TMO as the window layer of the device structure (i.e., an "inherent" method). The "overcoat" approach is generally studied for CIGS with bi-layer ZnO window layer (i.e., BZO/CIGS), because the Al-doped ZnO (AZO) is highly prone to hydrolytic degradation upon DH exposure [4] [5] [6] [7] , which is attributed to be the lifetime-limiting factor for CIGSS mini-modules as reported by Feist et al. [12, 13] . For example, we investigated overcoating NREL's "Mo/CIGS/CdS/i-Zno/AZO/AlNi grid" solar cells with SiO x N y deposited by PECVD [27, 28] or with undoped SnO 2 by sputtering (NREL ROI #09-70) [7, 29] with encouraging results. DeGroot and coworkers demonstrated good protective results when Si 3 N 4 /SiO x N y was applied with an ultrathin TaN layer to improve the adhesion [30] . Similar to our earlier work with sputtered SnO 2 , Tosun et al. also showed recently that a semicrystalline SnO 2 overlayer, located either on top of the ZnO/ITO/AlNi grid or between ZnO/ITO and AlNi grids, can enhance the CIGS solar cell's DH endurance [31] . In the "inherent" approach, CIGS modules with an ITO window layer are a common choice; the ITO has been shown to be more DH-robust than ZnO [4, 24] . Recently, Thompson et al. demonstrated that a CIGS device test structure with a 50-nm intrinsic ZnO (i-ZnO) and a 150-nm ITO window (WVTR ~2 x 10 -3 g/m 2 -day for the i-ZnO/ITO) without scribe lines, which was encapsulated with a 5-mil PET film (WVTR ~10 g/m 2 -day), endured 2000 h DH exposure and retained 92% of initial device efficiency [32] . With scribe lines, greater efficiency loss was observed likely due to "edge" effect. These results clearly support the reasoning of having a "hardened" CIGS device structure to greatly enhance its DH resistance while reducing the WVTR requirement.
This work was a continuation of previous studies that aimed to identifying the means to largely improve the long-term performance reliability of CIGS solar cells by "hardening" the devices with either "inherent" or "overcoat" approach, or both in combination. For the "inherent" approach, we tested thicker AZO films (up to 0.5 μm) and amorphous bi-layer InZnO (~0.2 μm, a resistive plus a conductive layer) to replace the bilayer ZnO (BZO, an intrinsic ZnO and an AZO layer) as the window layer deposited as the protective transparent metal oxide (PTMO) on typical SLG/Mo/CIGS/CdS/BZO solar cells. Both were shown to be DH stable when deposited on glass substrates [6, 7] . Partial results of the DH stability of CIGS solar cells made with thicker AZO layer were reported previously [33, 34] , and more details are summarized below and for comparison. For the "overcoat" approach, following a previous study using 0.1-μm SnO 2 as the PTMO [7, 29] , more work was performed with SnO 2 and an alloy of it co-sputtered on glass substrates under various deposition conditions; however, no overcoat of either oxide on CIGS cell coupons could be done due to prolonged system breakdown later. Two highly resistive oxides, amorphous ZnSnO (ZSO) by sputtering and Al 2 O 3 (ALO) by atomic layer deposition (ALD), were investigated as overcoats.
EXPERIMENTAL
Sample preparations. The CIGS thin films were prepared by NREL's three-stage thermal coevaporation process on Mocoated soda lime glass (SLG), followed by CBD CdS (~70 nm) and bilayer ZnO (BZO, i.e., AZO on 0.1-μm intrinsic ZnO layer) using the "standard" conditions. The thickness of the AZO layer was increased from the typical 0.12 μm to 0.24, 0.36, and ~0.50 μm, which would increase the ambient temperature over the substrates due to increased deposition time [33] . For making the solar cells with a-InZnO, a 3" x 3" piece of the CIGS film was first coated with CBD CdS before cutting into six 1" x 1.5" pieces. Four of the CIGS/CdS piece were coated with bi-layer a-InZnO (IZO), a highresistance layer (≤ 0.1 μm) and a high-conductance layer (≤ 0.1 μm), at different sputtering conditions. One piece was coated with 0.22 μm BZO (i.e., the "standard" CIGS solar cells) and was used as control. After AlNi (3 μm/0.05 μm) contact grids were deposited by e-beam evaporation, photolithography was employed to define and isolate the devices with a cell area of 0.42 cm 2 . For the "overcoat" samples, the "standard" CIGS cell coupons with BZO and AlNi grid, completed with isolated devices and external electrical connections soldered with thin Au wires [33, 34] , were coated over the entire surfaces with ~0.2 μm high-resistance a-ZSO at ambient temperature, or with ~0.1 μm ALO at 100 o C in a customer-built ALD system. The BZO, IZO, ZSO, and ALD ALO thin films, termed as transparent metal oxide (TMO) herein, were also deposited on witness glass substrates for optical and other measurements. A set of the CIGS cell coupons with BZO of different AZO thickness was encapsulated in a test structure as described in [33, 34] . No encapsulation was made for cell coupons with IZO, ZSO, and ALO. DH exposure. The TMO-coated CIGS cell coupons, either bare or encapsulated in a test structure, were exposed to DH in an ESPEC environmental chamber at 85 o C and 85% RH, and periodically removed for various characterization. Characterization. The cell performances were monitored periodically by current-voltage (I-V), quantum efficiency (QE), photoluminescence (PL), and electroluminescence (EL). The samples were also photographed with a camera and examined with micro-imaging on a WYKO Optical Profiler Model 1100 interference optical microscope. XRD was performed on AZO of different thickness deposited on glass, CdS/glass, and CdS/CIGS/Mo/SLG substrates. Surface micro-morphology of DH-exposed cell coupons was analyzed with SEM.
RESULTS AND DISCUSSION

Optical Properties of TMOs
The T% and R% of bilayer ZnO (BZO, 0.22 μm), bilayer a-InZnO (IZO, ~0.17 μm), and single-layer a-ZnSnO (ZSO, ~0.2 μm) are shown in Fig. 1a . Depending on the thickness, the exact spectral transmittance and shape will change. For example, when the AZO increased in thickness from the standard 0.12 μm to 0.5 μm, the transmittance is reduced to certain extent; however, its effect on CIGS solar cell efficiency is not proportional to the T% loss as demonstrated previously [33] . Single layer ZSO at 0.2 μm appears similar to the BZO but with a larger absorption in the 400--700 nm range, which would reduce cell efficiency more noticeably (see below). ALO (~0.1 μm) was not included in the figure because the film was discolored non-uniformly from contamination by out-gassing of other samples in the same batch run. The effect of the TMOs, either as an inherent part of the device structure (BZO and IZO) or as an overcoat (ZSO and ALO), on the cell QE and I-V parameters are given in Fig. 1b and Table 1 , respectively. As seen, bilayer IZO window composite layer produces cell efficiency lower than that with BZO control, likely due to higher sheet resistance as indicated by the higher Rs in Table 1 . Both the ZSO and ALO overcoats reduced the cell efficiency as expected because of reduced light transmission. 
Damp Heat Stability
All the CIGS cell coupon samples with different BZO thickness, with or without encapsulation in an aluminum test structure, were exposed in one batch. The bare (unencapsulated) samples with bilayer IZO (plus a BZO control), ZSO and ALO were exposed in a second batch. The results are all negative, however -all CIGS cell coupons exhibited substantial performance degradation in DH at 85 o C and 85% RH regardless of the type of metal oxides. Each TMO will be discussed individually below.
AZO of different thickness
Work on this study has been partly presented previously regarding the sample preparations, configurations and some of the test results [33, 34] . A more detailed summary is given below, also for comparison with other TMO results. For the bare (unencapsulated) cell coupons, the samples degraded quickly with flaking of the BZO layer -the thicker the AZO the greater extent of BZO flaking and popping [33] . On the cell coupon with 0.36 μm AZO, the Au-wired contact spots were easily "bumped" off at DH = 100 h, suggesting a serious delamination issue between the Mo and SLG. In the encapsulated test structure, significant flaking of the 0.12-μm AZO layer was observed at DH = 518 h, and no significant flaking was observed for 0.50 μm AZO on one of the two cell coupons (C2529-13) until at DH = 774 h, as seen in Fig. 2 . The I-V performance of the bare cell coupons exposed directly to the DH moisture degraded rapidly, as demonstrated in Fig. 3 , showing efficiency and series Rs plots for some selected devices. (Data for the devices that started with low efficiency are not shown.) The two bare samples lost the efficiency essentially in a similar manner as seen in Fig. 3a . In the first 50 h DH exposure, the efficiency losses are coupled with similar loss pattern in Voc (not shown) and moderate to large increases in Rs (Fig. 3b) . Jsc showed about 10%-30% loss for the C2529-12 (0.12 μm AZO) at DH = 100 h, and about 30%-50% for C2529-23 (0.36 μm AZO) at DH = 50 h. The faster degradation of C2529-23 appears to be affected by the substantial flaking of the BZO layer ( Fig. 2b) , suggesting the presence of greater mechanical stress and its detrimental effect on the thicker AZO.
Performance degradation for CIGS cell coupons with three different AZO thicknesses in the encapsulated test structure is relatively gradual because a TPT backsheet, with a WVTR of ~143 g/m 2 -day measured at 86.8 o C and 100% RH, was employed to control the moisture ingress and hence the cell coupons are not exposed directly to the DH moisture as the bare samples. This difference is illustrated by comparing Fig. 3 with Fig. 4 below. Figure 4 presents the I-V loss for C2354-4 (0.12 μm AZO) and C2354-5 (0.36 μm), showing Voc, Jsc, efficiency, and series Rs plots, respectively, for some selected devices, upon DH exposure to 774 h. In general, except for a few devices, the Voc declined gradually as the Rs increased. The Jsc remained nearly constant until a certain turning point and then decreased quickly. The turning point was approximately at DH = 270 h for C2354-4 and at DH = 518 h for C2354-5, which corresponded to the relatively large increase in Rs. These turning points also made the efficiency's gradual loss in early stage to drop more quickly, and made the I-V measurements more difficult due to large slowdown in the scans. The I-V curve shapes could be much distorted in some cases (not shown). The results shown in Fig. 4 , along with those devices not shown, also indicate the high degree of variation (or inconsistency) in the device stability even on a 1" x 1.5" cell coupon, which also makes the interpretation of the results quite challenging. (Fig. 2c ). Other than cell #3, which became unsteady after DH>200h and degraded rapidly, three cells showed higher loss rate in efficiency after the DH = 270 h turning point (Fig. 5a ). Meanwhile, these three cells showed a quick drop in Jsc after the DH = 518 h turning point (Fig. 5b) . In comparison, cell #1 exhibited a gradual decrease in both efficiency and Jsc. A notable behavior in Jsc plot is that cell #6 produced a Jsc of 35-45 mA/cm 2 before DH = 300 h, which was much higher than the average ~28 mA/cm 2 . This abnormal Jsc was also seen on cells #1 and #6 of C2354-6 (0.50 μm AZO), which showed a large increase from initial ~28 mA/cm 2 at DH = 0 h to ~45 and 53 mA/cm 2 respectively at DH = 168 h. The reason for these unusual and fluctuating Jsc values is not very clear, but likely caused by a "cross-talk" of the cells with neighboring regions or cells either due to incomplete cell isolation during photolithographic processing initially or a short-term "conductive link" by the moisture and corrosion products upon DH exposure later. An important observation in this study is the contradiction of the AZO "thickness" (or substrate) effect: In previous study, when deposited on glass substrates, the AZO showed high DH stability as its thickness increased to 0.50 μm [6] . This was the underlying reason for using thicker AZO as the "inherent" moisture barrier. However, all the results from the current study discussed above show the thicker AZO layers did not offer the protection for CIGS solar cells against DH as expected. While the exact causes remain not well understood, one plausible factor is the substantially poorer crystallinity for the AZO when deposited on top of the CdS/CIGS layer. Figure 6a shows the XRD (002) peaks for the BZO layers with different thickness sputter-deposited on glass. For BZO with a 0.12 μm AZO (i.e., "group 1"), smaller (002) peak intensity was observed on the CBD CdS-coated glass. Figure 6b compares the (002) peak intensity for 16 BZO samples on various substrates, which include the cell coupon samples used in this study. The results are very obvious: the BZO (or AZO) deposited on CdS/glass and CdS/CIGS substrates tends to give weaker (002) peak intensity, indicating significantly lower crystalline quality than the AZO deposited on bare glass at the same thickness. This may further suggest the influential effects of crystalline and grain size against DH exposure. 
Bilayer amorphous InZnO (IZO) as the window layer
Similar to the thicker AZO on glass substrates, single-layer and/or bilayer InZnO (IZO) sputtered on glass substrates alone or over i-ZnO/glass were found in previous study to be DH stable [5, 6] , although the i-ZnO underlayer appeared to still be affected by the moisture permeated through the IZO overcoat [6] . We previously investigated its application as a moisture barrier film on standard BZO/CIGS device structure [35] , and as the conductive window layer to replace the AZO [36] . The basics, the optical and electrical properties of the amorphous IZO (and ZSO), and the effects of preparation conditions have been extensively studied by Perkins and coworkers [37] [38] [39] [40] . In the present study, bilayer IZO, consisting a resistive IZO and a conductive IZO, was used as the window layer, replacing the typical BZO on the CIGS solar cells. Four CIGS cell coupon samples from the same CdS/CIGS/Mo/SLG film substrate were prepared with bilayer IZO layers that were sputtered using somewhat different conditions in order to achieve good efficiency. A control with standard BZO was also prepared from the same CdS/CIGS/Mo/SLG substrate for comparison. The five samples, along with a ZSO-coated and an ALD ALO-coated sample (see below), were exposed to DH and characterized simultaneously.
As shown in Fig. 7 , which compares two IZO/CIGS coupons with the BZO/CIGS control, the latter exhibited flaking of the BZO layer, similar to that seen in Fig. 2 , on the left side of the coupon at DH = 48 h. The flaking spread further and to the right at DH = 110 h. In comparison, the four IZO/CIGS coupons did not show flaking behavior. Instead, they showed darkening stains commonly starting at the device isolation lines that spread wider as the exposure time increased to DH = 110 h. The darkening stains seem to be an "edge" effect and are suspected to be a result of corrosion due to ingress of moisture through the IZO layer. All the IZO/CIGS devices on the four cell coupons showed a quick large loss in efficiency in the first 24 h of DH, then recovered in later stages, as illustrated in Fig. 8 . A couple of devices at DH = 110 h even showed an efficiency higher than the initial values (e.g., Fig. 8b , cell #2), apparently faulty results. These behaviors were not observed on the BZO/CIGS control, however, which showed gradual decrease in efficiency (Fig. 8a) .
In fact, the I-V measurements became more and more difficult to obtain good and reliable curves because the series resistance increased substantially (not shown), and the I-V parameters were not reliable in later stage when DH ≥ 72 h. For examples, some devices even showed Jsc in the 45-100 mA/cm 2 range (when measured using a constant cell area of 0.42 cm 2 ). The majority of the devices showed gradual to moderate losses in Voc and Jsc, but relatively obvious increase or fluctuations in Rs. Accordingly, it is suspected that the recovery in cell efficiency shown in Fig. 8(b-e) was probably a result of mutual "cross-talk" of neighboring cells or region, i.e., current contribution from the neighboring cells or regions due to certain "conductive link" at the device isolation lines or edges effected by hydrolytic corrosion of IZO, similar to that in Fig. 5b above. At DH = 110 h, the EQE for most of the IZO/CIGS devices was very low at ~1 %, a large drop from original 80%~90% in the spectral range of 500-800 nm, as seen in Fig. 8f . If the efficiency and Jsc were truly as measured for individual devices at DH = 110 h, then their EQE would show small changes, similar to that for the control. PL and EL imaging was also performed for the DH-exposed IZO/CIGS samples and the BZO/CIGS control to examine if the CdS/CIGS junctions on the devices were still active and the cell areas being damaged by the DH exposure as well as if the electrical connection through the entire device was affected by the presence of high contact resistance (via EL intensity) due to degraded BZO, IZO, and AlNi grids. The results are partially illustrated in Fig. 9 , showing the PL and EL images for the control and some arbitrarily chosen devices on two IZO/CIGS coupons, C2925-2 and C2915-23, at DH = 110 h. Their corresponding photographs are given in Fig. 7 (right colum) above. As revealed by the PL imaging, the CdS/CIGS junctions of the seven devices on the control were mostly PL-active after 110 h DH exposure, despite some dark spots on the cell areas and some small dark areas by the isolation lines and top edges between cell#2 and cell#5, which could not be readily revealed from the photograph (Fig. 7) . On the other hand, the large EL images for the cells #1, #4, and #6 do show more clearly the damages caused by DH on the devices. For example, while both are PLactive, the lower right corner on cell#4 (upper right in the image) and the majority of cell#6 are EL-inactive, which correspond well with the large corrosion stain (cell#4) and extensive flaking (cell#6) seen in Fig. 7 , clear evidence of the presence of high resistance over those dark areas caused by DH-degraded BZO (and likely AlNi grids as well) [34] . For IZO/CIGS samples, similar results are observed: most devices remained PL-active, but some areas around the edges and isolation lines by the devices are both PL-and EL-inactive (shown as dark spots or regions). These dark spots or areas correspond to the dark stains seen in the photographs of Fig. 7 .
The results discussed above indicate that the bilayer IZO made for this study did not offer good DH stability to the CIGS solar cells as one would expect (or desire) from its high DH stability when present on glass substrates [6] . A likely reason is that the IZO bilayers on all four cell coupons allowed the moisture to penetrate through, resulting in hydrolytic corrosion (seen visually as the stains) that might have transformed the originally conductive films into resistive ones. For reason not clearly known at the moment, this degrading behavior appeared to be more profound starting at the isolation lines or cell edges. EL_Cell 7 Figure 9 . PL images for all devices (left column) and EL images for some arbitrarily chosen devices (as marked) on three cell coupon samples: C2915-11, the BZO/CIGS control (top row), C915-22 (middle row), and C915-23 (bottom row) of bilayer IZO/CIGS. PL images were taken with 5 s integration time, and EL images were taken at 10 mA bias with varying voltage and a 10 s integration time.
Single-layer amorphous ZnSnO as an overcoat
Depending on the optical and conductivity properties, amorphous ZnSnO (ZSO) can be used in different applications. , as compared with a 15.1% cell efficiency using the typical CdS buffer [41] . The ZSO buffer layer also demonstrated a good stability when tested in dry heat at 85 o C. In this work, a 0.2-μm ZSO layer was used as an overcoat on the standard BZO/CIGS solar cell in an attempt to determine its protective effectiveness for the CIGS solar cell against DH exposure at 85 o C and 85% RH. However, no prior study was conducted to determine if the ZSO sputtered on glass substrates would be as DH-stable as the IZO. As noted in Section 3.1 above, the 0.2-μm ZSO film on glass substrate showed a significant absorption in the 400-700 nm range, and hence reduced the EQE (see Fig. 1 ). The CIGS cell coupon with the 0.2-μm ZSO overcoat showed a bluish green color, and the color did not fade or change upon DH exposure. The DH exposure resulted in notable corrosion and light stains on cell areas and also at some device isolation lines, as illustrated in Fig. 10 (a and b) as marked in red and blue circles, which also showed up in the PL image (Fig. 10c) and were somewhat similar to that observed on the IZO/CIGS cell coupons (Fig. 7) . Corrosion-induced spikes, spots, and holes were observed in the optical and PL images. Changes in the I-V parameters of the six devices on the C2742-23 coupon are given in Fig. 11 , showing gradual decrease in Voc and Jsc, but fairly rapid decline in fill factor and efficiency due to large increase in Rs for most of the cells but cell #1. PL image in Fig. 10c indicates cells #2-#6 were PL-active but cell #1 was poor in PL intensity if not totally dead (i.e., CdS/CIGS p-n junction failed). However, EL imaging indicates only cell #1 (at a high bias of 110 mA, Fig. 10d ) was EL-active, and all the others were essentially EL-inactive at 50~140 mA bias. While there was no flaking as seen on bare standard BZO/CIGS coupon samples (Figs 2 and 7) , the EL-inactive results suggest the presence of high Rs, which could be caused by the DH moisture permeated through the ZSO layer and degraded the BZO layer. Furthermore, Jsc, efficiency, and EQE plots shown in Fig. 11(b, d, e) indicate cell #1 was still good with low Rs (Fig. 10e) and almost no change in EQE spectral response (Fig. 10f) at DH = 200 h. In comparison, EQE of cell #5 (Fig. 10g) shows a ~10% decrease in spectral response at DH = 200 h. Therefore, as being the only particular case observed, a good explanation/interpretation is much needed for the opposite and contradictory results in I-V, QE, PL, and EL. 
ALD Al 2 O 3 as an overcoat
Thin layers of amorphous Al 2 O 3 (ALO) made from atomic layer deposition (ALD) offer excellent thickness and uniformity control for their conformal and dense coating. ALD ALO has been studied as an overcoat for CIGS solar cells [42, 43] as well as widely used in the fabrication of multilayer moisture barrier films [15] [16] [17] [19] [20] [21] that have been demonstrated in successfully blocking DH moisture ingress for flexible thin-film PV solar cells [15, 16, 20] . In this study, additional to the ZSO, we investigated the usefulness of a 0.1-μm ALD ALO , layer as a direct overcoat on the standard BZO/CIGS solar cells. The ALD ALO layer was deposited on a batch of substrates at ~100 o C. Unfortunately, the resultant ALO was non-uniformly discolored, likely due to out-gassing contamination from other samples (as seen on the insert photograph in Fig. 13f below) . In a recent sample run with 25 nm ALD ALO only for the CIGS cell coupons, no discolored coating occurred. SEM results showed that the 0.1-μm ALO layer was very smooth on the glass substrate, and was conformal but slightly granular over the 3.0-μm AlNi gridlines deposited on the glass substrates (not shown). The ALO-coated BZO/CIGS cell coupon (C2660-12) was exposed to DH simultaneously with other coupons described above. 
C2660-12_AI203
Upon DH exposure, the discoloration quickly disappeared in the first 20 h. Micro-cracks of the ALO layer were observed under WYKO 3D micro-imaging in early stage (possibly at DH < 20 h) followed by wrinkling and flaking from the left top area of the coupon that spread further out and down, as shown in the photographs of Fig. 12 (a and b) at DH = 150 h and 200 h. However, it was not clear if the flaking began from the BZO (as shown in Fig. 2) or from the ALO layer pulling off the BZO layer underneath along with it. The appearance of extensive micro-cracks indicated that the ALO layer might possess high mechanical stress that was relieved (likely by tensile strain) in DH [44] . The micro-cracks could induce hydrolysis of the ALO and BZO, resulting in volume expansion and hence tensile strain. PL image for the C2660-12 sample at DH = 200 h is given in Fig. 12c , showing the cell areas under the flaked area were PL-inactive (dark portion between cells #4 and #7), as being highly damaged by the DH attack. This suggests that the flaking of the ALO/BZO layers may have also pulled off the CdS, resulting in failure of CdS/CIGS junction. EL imaging only showed cell#3 to be weakly EL-active but better than other cell areas without severe DH damage (not shown), further indicating the underlying BZO layer was highly degraded. The micro-cracks, wrinkling/flaking, delamination, and corrosion of the ALD ALO layer apparently permitted moisture penetration. The relationship between ALD ALO thickness, strain/stress, and micro-cracking and its moisture-blocking properties have been extensively studied by the George group [45] [46] [47] . A thickness of < 30-40 nm was shown to be considerably less prone to micro-cracking [46, 47] . Thus, the 0.1-μm ALD ALO layer used in this study was likely too thick. Samples of BZO/CIGS coupons with a thinner ALO layer at 25 nm were therefore prepared but have not yet been subjected to DH stability test. The devices on C2660-12 lost Voc, Jsc, FF, and efficiency in a gradual manner mainly due to Rs increase, as illustrated in Fig. 13 , caused by ZnO and AlNi grid degradation by DH. EQE plots given in Fig. 13f show the spectral responses before and after ALD ALO coating for cell#7 and its temporal decrease upon DH exposure. An interesting observation is that the cell's QE actually became better upon coating of the discolored ALO, although other cells, e.g., cell#1, showed a decrease with mostly clear ALO overcoat due to reduced light transmission as expected. 
SEM micrographs for DH-exposed cell coupons
In addition to the optical photographs, I-V and PL/EL measurements, the samples were examined intermittently with a WYKO interference optical microscope to obtain 3D micrographs over the course of DH exposure. Surface morphology of the AZO, IZO, ZSO, and ALO layers all showed substantial changes due to hydrolytic corrosion, flaking, or cracking (not shown). The surface morphology of the coupons after the conclusion of DH exposure was further examined with SEM as a whole (without cutting up the cell coupons into small pieces), which offered more definite details than the WYKO images. A few of the SEM micro-images are given in Fig. 14, showing the surface morphology for each of the TMOs, with two images grouped vertically. The images can be cross-referenced with the photographs shown in Figs. 7, 10, and 12. For the standard BZO on C2915-11 control, cracking, flaking, popping and delamination are seen. For IZO on C2915-22, smearing likely due to hydrolytic corrosion and cracking are seen. Corrosion appears to be profound on ZSO surface, while large cracking and nodular growth on ALO are observed. These SEM images provide a good support of the reasoning in previous sections that corrosion, flaking/cracking, and delamination are fairly common causes that allowed the DH moisture to diffuse/penetrate and degrade the TMO windows (AZO and IZO) and/or the BZO under the overcoats (ZSO and ALO). 
CONCLUSIONS
We have conducted a comparison study in an effort to identify the transparent metal oxide (TMO) materials, either as an "inherent" part of the device structure (thick Al-doped ZnO, AZO, and bilayer amorphous InZnO, IZO, to replace the standard bilayer ZnO, BZO) or as an overcoat on standard BZO/CIGS solar cells using single-layer ZnSnO, ZSO, or ALD Al 2 O 3 , ALO. The results from exposure to DH at 85 o C and 85% RH for the TMO-coated CIGS solar cell coupons are negative. All CIGS devices are degraded to certain level. Combining the optical photographs, PL and EL imaging, 3D micro-imaging (not shown), and SEM surface micro-morphology, coupled with XRD, I-V and QE measurements, the causes of the device degradations are attributed to hydrolytic corrosion, flaking, micro-cracking, and delamination induced by the DH moisture. However, these are essentially first attempts without any optimization of the TMO deposition conditions. Further studies are needed to greatly improve the DH-protective effectiveness of the TMOs. For example, an improvement in the crystalline of thick AZO and a thinner ALD ALO to avoid micro-cracking tendencies [45] [46] [47] may be effective. Finding a good way to effectively reduce or release the internal stress for the TMOs is also highly desirable [44] . Currently, a set of new CIGS solar cell samples with 0.5 μm AZO, bilayer IZO, and 25 nm ALD ALO has been prepared to address the "edge" effect [32] that occurred at the device isolation lines and cell edges, as observed mostly on ZnO, IZO, and ZSO-coated samples, as well as the stress-cracking issue on ALO.
